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This paper reports – for ambient conditions – experimentally determined surface regression rates of
acoustically levitated acetone/water drops as a function of the mixture composition at the drop
boundary. The ﬂuid levitated as a drop was a mixture of acetone and water with vapor pressures of
24.5 kPa and 3.17 kPa, respectively, at ambient conditions. As expected the acetone evaporated faster
from the acetone/water drop than water. Already small quantities of acetone in the mixture signiﬁcantly
increased the surface regression rate of the drop.
Temporally and spatially resolved composition proﬁles were measured along a line through the drops
using one-dimensional Raman spectroscopy. Shadowgraphs of the evaporating drops were acquired,
from which the drop shrinkage was derived. Due to the good spatial (120 lm) and temporal (1 s)
resolution of the one-dimensional Raman experiment the evolution of the radial composition proﬁles
through the drop could be followed showing that the diffusion-process inside the drop plays an
important role in the binary evaporation process.
 2015 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The fractional evaporation of bi-component liquids dispersed as
a spray has a wide impact in various ﬁelds of engineering. In this
context ‘‘fractional evaporation’’ means that, due to the preferen-
tial evaporation of the more volatile compound, the composition
of the remaining liquid phase gets richer in the less volatile com-
pound due to different vapor pressures of the components.
Applications of multi-component dispersed liquids range from
energy engineering (spray combustion or direct injection internal
combustion engines) to particle technology (spray drying or spray
polymerization). In particles-from-spray processes, for example,
often mixtures of solvents are used to tune the solvation character-
istics of the solvent-mixture to the requirements of the involved
process [1]. Here, due to fractional evaporation of the dispersedliquid to the bulk gas phase, the composition of the liquid solvent
mixture can change and with this the solvation characteristics,
which inﬂuence the particle formation process. Next to the fact
that fractional evaporation can change the overall composition of
multi-component drops – exceptions are azeotropic mixtures – it
also inﬂuences the radial composition proﬁles of drops [2]. Radial
composition proﬁles develop if the resistance of mass transport
Ri,k inside (index i) the drop is different for various compounds k,
and if these resistances Ri,k are not negligibly small compared to
the mass transport resistance Ro,k of the same compound k outside
(index o) the drop. Here Ri,k and Ro,k are the mass transport resis-
tances of the compound k in the liquid and the gas phase, respec-
tively. The developing radial composition gradients have to be
considered as they control the overall evaporation rate of the drop
as well as other processes and properties inside the drop, such as
heat and mass transport processes, phase transition processes
and the mutual solubility of the compounds inside the drop.
Therefore, the provision of straightforward measurement tech-
niques for the determination of radial composition proﬁles during
the fractional evaporation of bi-component liquids is of particular
importance for spray modeling approaches as existing models
can be veriﬁed or developed further.
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spray, it is possible to study single drops by means of acoustic
levitation. The non-intrusive, time-resolved and contactless
Raman spectroscopy has been successfully employed in acousti-
cally levitated drops for the analysis of phase equilibria [3] and
(re)-crystallization processes [4–6]. It has also been applied to
track the simultaneous evaporation and polymerization process
[7], dehydration of particles [8], formation and aggregation of
nanoparticles [9], and even the dynamics of red blood cells and
detection of hemozoin in malaria-infected cells [10]. As the
investigations mentioned above collected the Raman spectra as
an integral signal from the entire drop, it was not possible to
resolve the mechanisms taking place inside the drop spatially,
and thus radial proﬁles have not yet been provided on a
single-shot-measurement basis. Therefore in this study, we
demonstrate a Raman-based one-dimensional imaging technique
for spatially- and temporally-resolved in situ composition mea-
surements along a line through the levitated drops, which makes
the radial composition proﬁles in fractionally evaporating
bi-component drops accessible. From the evolution of the radial
composition proﬁles it was derived that the diffusion plays an
important role in the binary vaporization process. As we correlated
the Raman measurements with shadowgraphy measurements, we
– for ambient conditions and when solely modifying the initial
composition of two drops – were additionally able to quantify the
surface regression rate as a function of the composition of the drops.2. Experimental
In Fig. 1 we present the experimental setup including the acous-
tic levitator and the self-assembled Raman sensor, which provides
line composition proﬁles through levitated drops. Acetone, which
was acquired from Merck with 99.9% purity, and the deionized
water were used without further puriﬁcation. For the formation
of evaporating drops, liquid mixtures of water and acetone (before
delivery at 295 K) were delivered manually through a capillary into
one of the node points of the acoustic levitator. As the levitator was
not housed, the levitated drops were subject to the convection in
the laboratory, which on the one hand caused a little move-
ment/oscillation of the levitated drops within the pressure node
of the acoustic levitator and on the other hand promoted the trans-
portation of already evaporated substance away from the drop. The
levitation itself also causes non-negligible forces on the drop’sFig. 1. (a) Image of drops levitated between a sonotrode and a reﬂector in two node poin
side-views of the Raman detection part of the setup consisting of the achromatic lenses (
(ANL). Visualization of the drops via shadowgraphy and control of the position of the las
coupled device (CCD) 1. Detection of the Raman signals is realized using CCD 2.surface which, according to Brenn et al. [11], can induce convection
inside the drop.
The evaporation of two drops was analyzed at room tempera-
ture (295 K) and at ambient pressure with the Raman sensor, for
which the initial compositions of the fed acetone/water mixtures
are provided in Table 1. Due to the continuous evaporation of the
levitated drops and due to the time delay between the positioning
of the drops and the ﬁrst measurement event, the compositions
measured inside the drop during the ﬁrst measurement event devi-
ate from the composition of the fed mixture, as it can be seen in
Table 1. Acoustic levitation allowed for a contactless positioning
of a sample near a pressure node of a standing acoustic wave (here
42 kHz) emitted by a sonotrode ﬁxed diametrically opposite to the
concave reﬂector. While detailed descriptions on acoustic levita-
tion are provided in references [12,13], our acoustic levitator is
speciﬁed in reference [14].
2.1. Shadowgraphy
Images of levitated drops were acquired using a shadowgraphy
setup. While – for a clear presentation of the Raman experiment in
Fig. 1 – the light source required for the shadowgraphy experiment
and the path of the light aligned for the shadowgraphy measure-
ments are not shown in Fig. 1(b), the detector used for the
shadowgraphy measurements is shown and labeled as CCD 1.
The shadowgraphy measurements were carried out decoupled
from the Raman measurements in a different set of experiments
as the Raman excitation laser would have interfered with the
shadowgraphy measurements. Exemplary shadowgraphs of one
evaporating levitated drop are provided in Fig. 2(c), from which
also the size and the shape of the drops can be extracted. It can
be seen that with decreasing drop size its initially oblate-like
deformed shape transforms more and more into a spherical one
[15,16]. From the shadowgraphs the temporal evolution of the
contour of the evaporating non-spherical drops was extracted,
from which their volume-equivalent diameter was computed.
2.2. The Raman experiment
We used a frequency-doubled continuous wave Nd:YVO4 laser
as a Raman-excitation source, operating at 532 nm with an output
power of 2.0 W. After passing through a Galilean telescope and a
converging lens, the laser beam was focused into the drop, thets; (b) sketch of the experimental one-dimensional Raman experiment; (c) top- and
AC1 and AC2), dichroic mirror (DM), long-pass ﬁlter (LP) and a polarization analyzer
er beam waist inside the drop via elastic light scattering are realized using charge-
Table 1
Initial compositions of the acetone/water mixtures A and B before the liquid was fed
with the pipette into the node points as well as the compositions in the center of the
drop at the time instant of the ﬁrst Raman measurement of the ‘‘mixture A’’ drop and
the ‘‘mixture B’’ drop.
Initial composition
acetone molar
fraction
Composition measured in the center of
the drop during ﬁrst measurement event
(5 s after positioning) acetone molar
fraction
Mixture
A
0.70 0.46
Mixture
B
0.24 0.15
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cylinder inside the drop. The light scattered from the probe volume
was collected perpendicularly (90 geometry) to the incident laser
beam axis. A dichroic mirror (DM) (in Fig. 1(b)) reﬂected the
elastically scattered light to CCD 1 used for visualization while at
the same time transmitted the inelastically scattered signals for
Raman spectroscopy to CCD 2, which was mounted onto the
imaging spectrometer. In Fig. 2(a) the photograph of the laser
beam passing one levitated drop, which was taken with CCD 1,
shows that the laser beam can indeed be assumed as a thin cylin-
der inside the drop, the diameter of which can be approximated to
0.15 mm. We used CCD 1 also to assure that the probe volume was
positioned in the vertical center of the drop and that the beam
waist of the laser was positioned inside the drop. For the alignment
of the laser to the center of the drop the laser beam pattern behind
the levitated drop was used. If the laser beam pattern behind the
drop was a circular disc, the laser was assumed to cross the center
of the drop.
The probe volume, which was the thin cylinder-like shaped
laser beam passing the drop, was imaged spatially-resolved onto
the entrance slit of an imaging spectrometer for the analysis of
the Raman signal. Such type of spectrometer, as shown in
Fig. 1(c), conserves the spatial information along the probe volume
as detected by CCD 2. Therefore, according to Fig. 2 one dimension
of CCD 2 can be assigned to the detection of spatial information
while the other dimension can be assigned to the detection of
the spectral information. This implies that one ‘‘image’’ taken with
CCD 2 contains different Raman spectra (vertical axis in Fig. 2(b))
from many different locations inside the probe volume (horizontal
axis in Fig. 2(b)). According to the lenses and the camera setting we
used here, we were able to resolve the probe volume of 2.4 mmFig. 2. Raman scattered signals originating from the (a) one-dimensional probe volume (
spectrally- and spatially-resolved with one CCD chip as a single image. In the course of tim
rescaled for each time instance between min. and max. intensity value.). The drop ima
references to color in this ﬁgure legend, the reader is referred to the web version of thilength or the spatial axis of the CCD 2 in 20 increments. It has to
be mentioned that due to the curvature of the drop and due to
the composition proﬁle inside the drop the image of the laser focus
beam waist was distorted. As a consequence the spatial axis in
Fig. 2(b) and (c) was somewhat distorted, too. From ray tracing
computations [17] it was found that the measurement error along
the spatial coordinate was less than 7% for locations inside the drop
close to the drop interface and became less for measurement loca-
tions towards the drop center.
In one measurement event (one image of CCD 2) 20 Raman
spectra were recorded, each from a length of 0.12 mm
(2.4 mm/20 increments). One measurement event took 1 s, which
was the signal integration time (exposure time) on the CCD-chip
plus read-out. The read-out time is negligible compared to the
on-chip integration time, as we binned each time 20 pixels on
the spatial axis (400 single pixels in total) and 4 pixels on the spec-
tral axis (1600 single pixels in total) to superpixels. These binning
values are a compromise between high spectral and spatial resolu-
tion (no binning) and high signal levels (binning many pixels). This
implies that each second, another image was read from CCD 2
comprising Raman spectra from 20 different locations of the probe
volume. A more detailed description of the one-dimensional
Raman sensor is provided in reference [17].
In Fig. 2(c) sections of the CCD 2 images relevant for the signif-
icant Raman signals of acetone and water are shown for one ace-
tone/water drop at different times during evaporation. The
Raman signals characteristic for acetone and water are indicated
by ‘‘CAH’’ and ‘‘OAH’’ as the CAH stretch vibration and the OAH
stretch vibration are the most signiﬁcant Raman signal of acetone
and liquid water, respectively [18]. Due to the preferential evapo-
ration of acetone, the Raman signals of water (OAH Raman signals)
became increasingly dominant relative to the Raman signal of
acetone (CAH Raman signal). Furthermore, the shrinkage of the
drop with time could be followed by the extension of the Raman
signals along the spatial axis.3. Results and discussion
It should be mentioned ﬁrstly that the evaporation of drops and
thus also their surface regression are inﬂuenced by many factors,
such as, for example, the temperature of the drop and its surround-
ings, the pressure, the ﬂow inside and outside the drop and the
drop’s mixture composition as well as the composition of the sur-
rounding gas. In the context of this work, which focuses onto thehere visualized with CCD 1 detecting the elastically scattered light) are detected (b)
e, a sequence of these images (c) is collected for the initial mixture B (color scale bar
ges provided for each time instance are shadowgraphs. (For interpretation of the
s article.)
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tion proﬁles, we only consider two different drops with initially
different mixture compositions for the proof of the plausibility of
the Raman measurements. All other factors inﬂuencing the evapo-
ration (temperature, pressure, levitation) were kept constant.
In Fig. 2(b) two different locations inside the drop are indicated
and labeled in the ‘‘center of the drop’’ and ‘‘near the edge of the
drop’’. For the initial mixture B, which is speciﬁed in Table 1,
Raman spectra from these two locations are shown in Fig. 3 for
two different times, 1 s and 20 s after the start of measurements.
The delay time of 1 s corresponds to the ﬁrst measurement taken
as soon as the drop was placed with a capillary in the node point.
It is speciﬁed ‘‘1 s’’ as one measurement took 1 s. For comparison,
the Raman spectra of pure acetone and water are also given, which
show the characteristic CAH stretch vibration of acetone at approx-
imately 2900 cm1 and of the OAH stretch vibration of water
between 3000 and 3800 cm1. After 20 s the Raman signal of water
becomes more dominant compared to acetone. This trend can be
seen from the spectrum ‘‘center of the drop’’ and from the spectrum
‘‘near the edge of the drop’’. As the Raman signal intensities can be
approximated to be proportional to the number density of the
species molecules in the probe volume, the ﬁrst conclusion that
can be drawn is that, due to the preferential evaporation of acetone,
the overall composition of the drop becomes richer in water.
Initially, the preferential evaporation of acetone is mainly due to
the high vapor pressure of acetone with respect to water. Thus,
for the initial drop compositions analyzed here, the water may
initially be considered an inert compound, with respect to the
preferentially evaporating compound acetone. With increasing
vaporization times, when the drop’s composition gets poorer and
poorer in acetone, the evaporation rate of acetone will decrease,
which means that at later evaporization times water and acetone
evaporate together with similar evaporation rates [11].
With respect to Fig. 3, after 20 s the Raman spectrum from the
center of the drop shows a more intense CAH Raman signal than
the Raman spectrum from near the edge of the drop. Thus, a
heterogeneous radial composition proﬁle inside the drop develops,
which is also caused by both, the initially preferential evaporation
of acetone and a mass transport resistance of acetone inside the
drop Ri,acetone (in the liquid phase) not negligible to the mass trans-
port resistance of acetone outside the drop Ro,acetone (in the gaseous
phase).Fig. 3. Exemplary Raman spectra acquired at the center (blue) and near the edge
(red) of the drop at 1 s and 20 s after drop generation. Raman spectra of pure water
and pure acetone are plotted as references. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)3.1. Quantiﬁcation of the composition line proﬁles
For an interpretation of the measurement results not in terms of
Raman signal intensities but in terms of compositions, calibration
measurements in mixtures of well-deﬁned compositions had to
be carried out. The composition of the binary mixture is quantiﬁed
as the acetone molar fraction xacetone. Well-deﬁned acetone/water
mixtures were provided by weighing acetone and water in a cuv-
ette with a maximum volume of 100 mL. The top of the cuvette
was closed with a glass lid which was only opened during the addi-
tion of any substance into the cuvette to prevent acetone from
evaporating from the mixture.
For calibration and the following evaluation of the Raman spec-
tra the Raman signal intensities (integrals) of acetone Iacetone and
the entire mixture Imixture have to be evaluated. For Iacetone the inte-
gral of the CAH vibration between 2880 and 2963 cm1was cho-
sen. For Imixture it is the integral between 2640 and 3659 cm1,
which considers both, the CAH signal contribution of acetone
and the OAH signal contribution of water. The resulting calibration
curve is shown in Fig. 4. A decrease in Iacetone relative to Imixture
implies that the fraction of acetone in the binary mixture is
reduced.
As we intended to minimize the crosstalk of water onto the
Raman signal intensity of acetone Iacetone, we chose the integration
borders for Iacetone close to the peak maximum. On this account
Iacetone/Imixture is smaller than one for pure acetone (xacetone = 1).
The data points and the error bars presented in Fig. 4 are the mean
values and the standard deviation of 60 single measurements,
respectively, and show the high precision of the determination of
the molar fraction of acetone. The solid line in Fig. 4 represents a
ﬁt of the empirical calibration function
Iacetone
Imixture
¼ 0:709 0:7088  eð4:212xacetoneÞ ð1Þ
to the data points. Due to the empirical calibration approach, the
mutual crosstalk between the Raman signals of the CAH vibration
and the OAH vibration are inherently considered. The calibration
function is then taken to convert the Raman spectra into mixture
compositions. Consequently each ‘‘Raman image’’ acquired with
CCD 2 in Fig. 2(b) can be converted into one radial composition pro-
ﬁle. As the acquisition of one ‘‘Raman image’’ with CCD 2 took only
1 s, we were able to resolve one radial composition proﬁle each
second. In Fig. 5 we summarize the temporal evolution of the radialFig. 4. Acetone molar fraction xacetone as a function of the acetone Raman signal
intensity fraction.
Fig. 5. Temporal evolution of the lateral dimension and the molar fractions of acetone of two individual levitated drops of (a) mixture A and (b) mixture B at ambient
temperature (295 K) and ambient pressure. The arrows indicate measurement instances for which the lateral dimension of the drop exceeds the lateral dimension of the
previous measurement instance (movement/oscillation of drop). Shadowgraphs of the levitated drops are shown as inserts. Light passing the drop center is refracted least and
therefore the respective areas are brightest in the shadowgraph.
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tures A and B. As the drops are initiated by hand by dosing liquid
with a capillary into one node point of the levitator, the initial
dimensions of the drops are different, which can be extracted from
the extension of the drop Raman signals along the lateral coordi-
nate. The ‘‘false-color’’-representation of the temporal evolution of
the mixture composition is scaled differently for the two different
initial compositions. While the drops shrink due to evaporation of
the liquid mixture, the remaining drop gets poorer in acetone.
This change in composition is due to the preferential evaporation
of acetone. Furthermore, it can be seen in Fig. 5 that the composi-
tion at coordinates inside the drop but close to the interface of
the drop is poorer in acetone molar fraction than at coordinates
close to the center of the drop. This observation again implies that
radial composition proﬁles are developed due to the initially prefer-
ential evaporation of acetone from the mixture and due to the
non-negligible mass transport resistance inside the drop Ri,acetone
(in the liquid phase) relative to that one outside the drop Ro,acetone
(in the gaseous phase). After 40 s the signiﬁcant change of the
radial composition proﬁles is over, meaning that acetone no longer
evaporate preferentially from the drops. Therefore, we stopped the
measurements then. It should be mentioned that the detection limit
of the used Raman sensor of xacetone = 0.003 would have enabled the
further continuation of the measurements.
From a closer look at Fig. 5 some movements/oscillations
become evident, which result in singular points (indicated by the
white arrows) where the drop size as acquired from the extension
of the Raman line measurement at a later point in time is larger
than at the previous measurement time. A similar observation
can also be made from the shadowgraphs. A possible strategy to
reduce the oscillations is to house the levitator into an optically
accessible box, which protects the drop inside the node from
aerodynamic disturbances.
A comparison of the temporal evolutions of the radial composi-
tion proﬁles in Fig. 5(a) and (b) also shows that the molar fractions
xacetone in Fig. 5(a) feature a higher noise level than those in
Fig. 5(b). This observation can be explained by the calibration func-
tion provided in Fig. 4. With increasing Iacetone/Imixture the slope ofthe calibration line gets steeper. Consequently, there is a more
pronounced inﬂuence of small ﬂuctuations in this value onto the
acetone molar fraction xacetone. This effect can also be seen in
Fig. 6, in which we show some radial composition proﬁles
extracted from Fig. 5 for different times after the drop generation.
The radial proﬁles shown in Fig. 6 are rather ﬂat in the center of
the drop but exhibit a more pronounced decay towards the border
of the drops. The ﬂat proﬁle in the center of the drop supports the
supposition of Brenn et al. [11] that the levitation causes forces
onto the drop’s surface which induce convection inside the drop.
Due to the convective mixing inside the drops Brenn et al. [11]
assumed ﬂat composition proﬁles in their model. The decay of
the acetone molar fraction towards the border of the drop, which
is shown in Fig. 6, is caused by the direct evaporation of acetone
from the drop surface and the diffusion limited mass transport in
the drop’s internal boundary layer.
If the Sherwood (Sh)-number is constant during the evaporation
of a drop, the shrinkage of single-component drops can be
described by the ‘‘D2-law’’ which states that the square of the drop
diameter decreases linearly with time during evaporation [19]. For
multi-component drops a non-linear decrease of the square of the
drop diameter is found [11]. Therefore, in the case of the evapora-
tion of multi-component drops the surface regression rate K, which
is a constant for single-component drops at a constant Sh-number,
has to be considered time dependent K(t). Consequently, in the fol-
lowing progress of this manuscript we consider a time-dependent
surface regression
DðtÞ2
D20
¼ 1 KðtÞ  t
D20
: ð2Þ
D0 and DðtÞ are, the initial and instantaneous drop diameters in mm,
respectively, t is time in seconds and KðtÞ is the instantaneous
surface regression rate in mm2 s1.
As the drops analyzed in the node points of the levitator were
elliptically, the volume-equivalent diameter D is computed as
DðtÞ ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sLðtÞ2sSðtÞ3
q
ð3Þ
Fig. 6. Radial composition proﬁles of levitated drops generated from initial mixtures A (left) and B (right) at different time instances after drop generation at ambient
temperature (295 K) and ambient pressure.
Fig. 8. DðtÞ
2
D20
as a function of t
D20
according to Eq. (2) for two levitated drops of different
initial mixture composition A and B at ambient temperature (295 K) and ambient
pressure.
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axes of the ﬁtted oblate ellipse which approximates the drop’s
shadowgraph [20]. While sLðtÞ is directly accessible from the exten-
sion of the Raman signals on CCD 2, sSðtÞ cannot directly be
extracted from the Raman measurements. Therefore we analyzed
shadowgraphy measurements of evaporating drops, which we pro-
duced in another set of experiments. We analyzed the temporal
development of the shadowgraph-contour of each time three evap-
orating drops of mixture A and mixture B. Fig. 7 shows the aspect
ratio of these drops as a function of time. The data points represent
the mean values of three drop experiments per mixture, while the
colored background represents their standard deviation. The solid
lines represent the correlation
sL=sS ¼ aþ btc ð4Þ
where sL=sS is the aspect ratio and t is the time in seconds. The ﬁt
parameters are a = 1.617, b = 0.02301 and c = 0.7542 for mixture
A and a = 1.644, b = 0.1124 and c = 0.3071 for mixture B.
Consequently, the correlation can be used for the computation
of sSðtÞ as a function of sLðtÞ, from which we can compute D(t)
according to Eq. (3). Fig. 8 shows DðtÞ
2
D20
as a function of t
D20
according
to Eq. (2) for the two drops of different initial composition. It has toFig. 7. Temporal evolution of the aspect ratio of three mixture-A- and three
mixture-B-drops levitated acoustically during their evaporation at ambient tem-
perature (295 K) and ambient pressure. The data points represent the mean values
of three experiments and the colored background the standard deviation. The solid
lines are the ﬁt-functions. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)be pointed out again that for the computation of D(t), sLðtÞ was
taken directly from the lateral extension of the Raman line
measurements and sSðtÞ was approximated based on the before
derived correlation (Fig. 7). The error bars in Fig. 8 result from
the oscillations of sLðtÞ already mentioned before in the context
of the white arrows in Fig. 5. The lines in Fig. 8 result from ﬁts of
Eq. (2) to the data points, from which the correlations
KðtÞ ¼ 0:09458  eð0:01917tÞ ð5Þ
and
KðtÞ ¼ 0:07004  eð0:0167tÞ: ð6Þ
are achieved for mixtures A and B, respectively.
Due to the non-linear decrease of D2=D20 the surface regression
rate KðtÞ is not a constant but – in Fig. 8 – a function of time t
and can be computed for any measurement time as the slope of
the curve. In the next step, the temporal evolution of the surface
regression rate KðtÞ can be correlated with the temporal evolution
of the composition proﬁles of the drop, which has been extracted
from the Raman measurements. Therefore, Fig. 9 shows on the left
ordinate the surface regression rate K and on the right ordinate the
molar fraction xacetone measured inside the drop near the drop
Fig. 9. Derived surface regression rates K and molar fraction xacetone measured
inside the drop near the drop boundary of mixture A (‘‘  ’’ markers) with an initial
composition of xacetone = 0.70 and mixture B (‘‘s’’ markers) with an initial compo-
sition of xacetone = 0.24 as a function of time at ambient temperature (295 K) and
ambient pressure.
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tion value xacetone was computed as the mean of the two molar frac-
tion values xacetone at the left and the right boundary of the proﬁles
provided in Fig. 6. It can clearly be seen that the temporal evolution
of the surface regression rates K are different for the two drops
with different initial mixture composition. All other factors inﬂu-
encing the evaporation of drops were kept constant. The drop con-
taining more acetone (mixture A) features a higher surface
regression rate than the drop containing less acetone (mixture B).
This difference is due to the high volatility of acetone compared to
water. With time the acetone content in both drops decreases and
with this the surface regression rate K. Fig. 10 correlates the surface
regression rates K and the molar fractions xacetone measured inside
the drop near the drop boundary, which are both already provided
in Fig. 9, for the mixture A and mixture B drops. For molar fractions
smaller than 0.12, surface regression rates K could be evaluated for
both drops. In this range of compositions the surface regression
rates K measured experimentally for both drops (mixture A andFig. 10. Derived surface regression rates K as a function of the molar fraction xacetone
measured inside the drop near the drop boundary of mixture A (‘‘’’ markers) with
an initial composition of xacetone = 0.70 and mixture B (‘‘s’’ markers) with an initial
composition of xacetone = 0.24 at ambient temperature (295 K) and ambient pressure.mixture B) are very similar and can be considered identical. Thus,
the surface regression rates measured for the mixture-A- and the
mixture-B-drop are a function of the drop’s current composition,
irrespectively of the drop’s initial composition. In other words,
the surface regression rate is not affected by the ‘‘evaporation his-
tory’’ of the drop. At this point we have to underline that this ﬁnd-
ing is based on the analysis of only two evaporating drops of
different initial composition, while all the other factors inﬂuencing
the evaporation of drops were kept constant. Therefore, the above
reported observation must not automatically be generalized and
has to be subject of future investigations.
Makino and Law [21] showed that the dimensionless Peclet
number for the liquid phase
PelðtÞ ¼ KðtÞDl ð7Þ
is the appropriate parameter to indicate the inﬂuence of
liquid-phase diffusional resistance on the drop gasiﬁcation, where
Dl is the liquid phase mass diffusivity and K(t) the surface regression
rate. Considering the surface regression rates K(t) provided in Fig. 9
and the approximated mass diffusivity of inﬁnitely diluted acetone
in water at 298 K of Dl = 1.16  105 cm2 s1 [22], the liquid phase
Peclet number is between 30 and 80. Pel(t) >> 1 means that the drop
evaporation is much faster than mass diffusion. Under these
circumstances composition proﬁles develop inside the drop during
its evaporation, which we experimentally measured using the
one-dimensional Raman spectroscopy and which were shown in
Fig. 6. Contrary, the temperature inside the drop can be assumed
to be homogeneously distributed, as the mass diffusivity Dl is much
smaller than the thermal diffusivities a of water and acetone, which
is expressed in Lewis-numbers
Lel ¼ aDl  1 ð8Þ
signiﬁcantly exceeding one.4. Conclusion
We have demonstrated a Raman-based strategy that enables
composition-line-proﬁling through levitated bi-component drops
during evaporation. In combination with drop images this tech-
nique is able to quantify the surface regression rate as a function
of the drop’s composition. Therefore, this technique can be applied
for the investigation into the evaporation behavior of solvent
mixtures relevant for process engineering or the evaporation
behavior of multi-component fuels relevant for the energy sector.
Furthermore, the authors are conﬁdent that next to the composi-
tion proﬁles of the solvents, also the composition proﬁles of the
solutes inside drops can be followed. This might make accessible
the temporal evolution of the distribution of a solute (salt, poly-
mer. . .) inside a drop just before the onset of particle formation
inside the drop. The technique can be improved signiﬁcantly if
the drop contours can be recorded simultaneously with the
Raman measurements.Acknowledgments
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